We investigated sex-related photosynthetic responses to drought in the dioecious species, Populus cathayana Rehd. Plants were subjected to two watering regimes (100% and 30% of field capacity) in a semi-controlled environment. Drought significantly decreased leaf area (LA), total number of leaves (TNL), specific leaf area (SLA), relative water content, net photosynthetic rate (P n ), transpiration (E), stomatal conductance (g s ), intercellular CO 2 concentration (C i ), light saturation point (L SP ), apparent quantum yield (Φ), carboxylation efficiency (CE), light-saturated photosynthetic rate (P max ), maximum efficiency of PSII (F v /F m ) and maximum effective quantum yield of PSII (Yield), and increased the total chlorophyll concentration (TC), CO 2 compensation point (Γ), non-photochemical quenching coefficient, peroxidase (POD) activity and carbon isotope composition (δ 13 C). Moreover, differences between males and females were detected in many of these responses. In the drought treatment, males exhibited significantly higher LA, TNL, TC, concentration of carotenoids (Caro), P n , E, g s , C i , L SP , Φ, CE, P max , F v /F m , photochemical quenching coefficient, POD activity and δ 13 C, but a lower SLA, chlorophyll a/b ratio, carotenoids/total chlorophyll ratio and Γ than females. However, Caro, L SP , Γ, Φ, CE and POD activity were apparently associated with sex-related resource demands, because significant differences in these traits were detected between the sexes under well-watered conditions. Our results indicate that drought stress limits photosynthetic capacity more in females than in males.
Introduction
Water availability is an important factor limiting photosynthesis, especially in arid and semi-arid regions, where plants are often subjected to periods of drought (Tezara et al. 2003 , Souza et al. 2004 ). Inhibition of photosynthesis in response to water stress has been documented in many angiosperms species (Chaves 1991) . However, sex-related photosynthetic responses to drought stress have seldom been examined (but see Correia and Diaz Barradas 2000 , Dawson et al. 2004 , Li et al. 2004b , Letts et al. 2008 ). Among about 240,000 angiosperm species, the number of dioecious species is estimated to be at least 14,620 (Renner and Ricklefs 1995) . Dioecious plants play an important role in maintaining the stability of structure and function in terrestrial ecosystems Curtis 2001, Hultine et al. 2007 ).
Since Charles Darwin (1877) first recognized that reproductive differentiation in dioecious plants could result in genderspecific resource demands, morphological and physiological differences between males and females have been investigated in many plant species (e.g., Allen and Antos 1988 , Dawson and Bliss 1989 , Laporte and Delph 1996 , Espirito-Santo et al. 2003 , Li et al. 2007 . These studies have shown that males and females differ in morphological structure and physiological function because of gender specialization , Jones et al. 1999 , Retuerto et al. 2000 . Thus, photosynthetic properties might be expected to differ between males and females of dioecious plants (Bourdeau 1958 , Marshall et al. 1993 , Gehring and Monson 1994 , Correia and Diaz Barradas 2000 . Differential photosynthetic responses of males and females have been found in Populus tremuloides Michx. in response to elevated CO 2 concentration (Wang and Curtis 2001) , and it has been reported that water stress reduces stomatal conductance more in females than in males of other species (Dawson and Bliss 1989 , Correia and Diaz Barradas 2000 , Rowland 2001 ). However, in Acer negundo L. var. interior, males were found to possess lower stomatal conductance than females under water stress conditions , and no significant differences in gas exchange were detected between male and female cottonwoods under dry conditions (Letts et al. 2008) .
Populus cathayana Rehd., a dioecious deciduous tree, is widely distributed in the northern, central and southwestern parts of China. We studied sex-related responses to drought in leaf growth, photosynthetic pigments, gas exchange, chlorophyll fluorescence, enzymatic antioxidants and carbon isotope composition. Because physiological differences between genders are considered to result from different reproductive costs incurred by males and females, with females typically investing more in reproduction than males (Darwin 1877 , Dawson and Bliss 1989 , we hypothesized that the inhibition of photosynthesis by drought differs between the sexes because of specific resource demands associated with reproduction.
Materials and methods

Plant materials and experimental design
Cuttings of P. cathayana were collected from 30 male trees and 30 female trees sampled in 15 populations growing in riparian and valley flat habitats (Datong, 35°56′ N, 101°35′ E) in Qinghai Province, P.R. China. Mean altitude, annual rainfall and annual temperature in the area are 2450 m, 550 mm and 3.7°C, respectively. The cuttings were planted in March 2006. After sprouting and growing for about 2 months, 40 male and 40 female cuttings of similar crown size and equal height were chosen and replanted (one cutting per pot) in 10-l plastic pots filled with 8 kg homogenized soil, which was sieved, sandy topsoil (0-30 cm) taken from the field at the experimental site. The cuttings were grown in a naturally lit well-ventilated greenhouse providing shelter from rainfall at the Maoxian Field Ecological Station. The treatments started on May 10, 2006, and the plants were harvested on September 19, 2006.
The experimental layout was completely randomized with two main factors (sex and watering regime). Two watering regimes, 100% and 30% of field capacity, were supplied. Each watering regime included 20 male and 20 female individuals (five genotypes per sex, with five replicates of four cuttings per replicate). In the well-watered treatment, the pots were weighed every second day and re-watered to 100% of field capacity (soil water content maintained at 37.6%) by replacing the amount of water transpired. In the drought-stressed treatment, the pots were watered to 30% of field capacity (soil water content maintained at 12.5%). In addition, an empirical relationship between plant fresh mass (Y, g) and plant height (X, cm), Y = 0.975 + 0.112X (r 2 = 0.968, P < 0.001) (Li et al. 2004a ) was used to correct pot water content for changes in plant biomass. Evaporation from the soil surface was prevented by enclosing all pots in plastic bags sealed at the base of the stem of each cutting. Eight g of slow-release fertilizer (13,10,14, N,P,K) was added to each pot during the experiment.
Growth and relative water content of leaves
All cuttings were harvested at the end of the experiment, and leaf area was determined with a portable laser area meter. The total number of leaves (TNL) was counted, and specific leaf area (SLA; leaf area divided by leaf dry mass) was calculated.
Five cuttings of each sex and treatment were randomly selected, and the fourth fully expanded leaf of each cutting was used to measure relative water content (RWC). We calculated RWC from fresh mass (FM), turgid mass (TM) and dry mass (DM) measurements on 10 leaf discs (0.8-cm diameter) obtained from the central portion of each leaf: RWC = 100(FM -DM)/(TM -DM) (Weatherley 1950) .
Gas exchange measurements
Five cuttings of each sex and treatment were randomly selected, and the fourth fully expanded and exposed leaf of each cutting was measured. Net photosynthetic rate (P n ), transpiration rate (E), stomatal conductance (g s ) and intercellular CO 2 concentration (C i ) were measured with a portable photosynthesis system (LI 6400, Li-Cor, Lincoln, NE), under the following conditions: leaf temperature, 25°C; leaf-to-air vapor pressure deficit, 1.5 ± 0.5 kPa; photosynthetic photon flux (PPF), 1400 µmol m -2 s -1 ; relative air humidity, 50%; and ambient CO 2 concentration, 350 ± 5 µmol mol -1 . The gas-exchange parameters were measured three times between 0800 and 1130 h on June 12, July 16 and August 15.
Light and CO 2 response measurements
Net photosynthetic responses to PPF were measured at 0, 30, 50, 100, 200, 300, 400, 600, 800, 1000, 1200, 1400, 1600, 1800 and 2000 µmol m -2 s -1 at an ambient CO 2 concentration of 350 ± 5 µmol mol -1 , leaf temperature of 25°C and leaf-toair vapor pressure deficit of 1.5 ± 0.5 kPa. Response curves were modeled by a non-rectangular hyperbola according to Prioul and Chartier (1977) . Apparent quantum efficiency (Φ), light saturation point (L SP ) and light-saturated photosynthetic rate (P max ) were determined by fitting data to the model function.
The response of P n to changing C i was measured at 0, 50, 100, 150, 200, 300, 400, 600 and 800 µmol mol -1 at light saturation (PPF of 1400 µmol m -2 s -1 ), leaf temperature of 25°C and leaf-to-air vapor pressure deficit of 1.5 ± 0.5 kPa. Net photosynthesis versus C i curves over the range of 0-150 µmol mol -1 were determined, and the regressions of CO 2 and P n were used to determine the CO 2 compensation point (Γ) and carboxylation efficiency (CE; Olsson and Leverenz 1994) .
Chlorophyll fluorescence measurements
Five cuttings from each sex and treatment were randomly selected, and the fourth fully expanded and exposed leaf of each cutting was measured. Chlorophyll fluorescence kinetics parameters (F v /F m , variable and maximum fluorescence; Yield, the effective quantum yield of PSII; qN, non-photochemical quenching coefficient; and qP, photochemical quenching coefficient) were measured and calculated according to Kooten and Snel (1990) with a PAM chlorophyll fluorometer (PAM 2100, Walz, Effeltrich, Germany). The leaf samples were placed in darkness for 30 min by covering with aluminum foil followed by measurement of minimum fluorescence (F o ) at 250 µmol m -2 s -1 PPF and F m at 2400 µmol m -2 s -1 PPF following a saturating pulse of actinic light. Measurements were carried out between 0800 and 1130 h on August 15, 17, 18 and 19.
Chlorophyll pigment and peroxidase activity
Chlorophylls were extracted in 80% (v/v) chilled acetone. Chlorophyll a absorbance was determined at 663 nm, chlorophyll b absorbance at 646 nm, and absorbance of carotenoids (caro) was determined at 470 nm. The absorbance values were converted to concentrations as described by Lichtenthaler (1987) .
Five fully expanded and exposed leaves were randomly selected from each replication per treatment for assay of peroxidase activity (POD). The POD activity was measured by the method of Chance and Maehly (1955) with guaiacol as an electron donor, and the absorbance of the supernatant was determined at 470 nm. Activity was expressed as enzyme unit min -1 g FM -1 . One enzyme unit was defined as the amount of enzyme causing an absorbance change of 0.01 per min under standard conditions.
Carbon isotope composition ( 13 C) analysis
Leaf samples from all harvested cuttings were used for carbon isotope analysis. The samples were dried for 24 h at 80°C and homogenized in a ball mill. Stable carbon isotope abundance in combusted samples was measured with a mass spectrometer as described by Hubick et al. (1986) and Li et al. (2000) . The overall precision of the δ values was better than 0.1‰, as determined from repeated samples. The analysis was performed in the Stable Isotope Laboratory for Ecological and Environmental Research (SILEER), Chinese Academy of Sciences (CAS).
Statistical analysis
The effects of sexual differences were analyzed with a mixed model analysis of variance with water treatment and sex nested within genotype as a fixed effect, and genotype as a random effect. Individual differences among means were determined by Duncan's multiple range test. Two-way ANOVA was used to evaluate the interaction effect of sex and watering. Differences were considered significant at P < 0.05.
Results
Comparison between sexes in growth and relative water content of leaves
Both males and females had significantly lower leaf area (LA), TNL, SLA and relative water content (RWC) in the drought treatment than in the well-watered treatment (Table 1). Males and females differed in their responses to drought, however, with males having significantly higher LA and TNL and lower SLA than females. In contrast, under well-watered conditions, there were no significant differences in these traits between the sexes, and no sexual difference in RWC was observed in either watering regime (Table 1 ). In addition, LA, TNL and SLA were significantly affected by the interaction between sex and watering treatment (Table 1) .
Comparison between sexes in chlorophyll pigments
Under well-watered conditions, males had higher TC and Caro concentrations than females. However, there were no significant differences in chlorophyll a/b (Chla/Chlb) and carotenoids/total chlorophyll (Caro/TC) ratios between the sexes under well-watered conditions. In contrast, in the drought treatment, males had significantly higher TC and Caro concentrations but lower Chla/Chlb and Caro/TC ratios than females. In addition, TC was significantly affected by the sex × watering interaction (Table 1) .
Comparison between sexes in gas exchange, CO 2 and light response
Compared with well-watered conditions, drought significantly decreased gas exchange of all individuals, but less so in males than in females for net photosynthetic rate (P n ), transpiration rate (E), stomatal conductance (g s ) and intercellular CO 2 concentration (C i ). There were no significant differences in these traits between the sexes in the well-watered treatments. Moreover, P n , E, g s and C i were significantly affected by the interaction between sex and watering treatment ( Table 2 ). The relationships between P n and C i and between P n and PPF were significantly affected by watering treatment in males and females, with females exhibiting lower slopes for both relationships in response to drought than males (Figures 1  and 2 ). There were significant differences in CE, Φ, L SP and Γ between sexes in the well-watered treatment, with males having higher L SP and Γ, and lower Φ and CE than females. Under drought conditions, males had significantly higher P max , Φ, CE and L SP , and lower Γ than females (Table 3) .
Comparison between sexes in chlorophyll fluorescence parameters
Under well-watered conditions, females had higher Yield than males, but there were no significant differences between the sexes in F v /F m , qP or qN (Figure 3) . Moreover, compared with the well-watered treatment, the drought treatment significantly decreased F v /F m but increased qN in both sexes, decreased Yield in females, and induced high F v /F m and qP in males (Figure 3) .
Comparison between sexes in peroxidase activity
Significant differences in POD activity were detected between the sexes and water regimes. In all treatments, males exhibited considerably higher POD activity than females. In response to drought, POD activity increased about 63% in females but only 31% in males (Figure 4) . Neither the effect of genotype nor the interaction of sex and watering treatment was significant ( Figure 4) .
Comparison between sexes in carbon isotope composition
Drought significantly increased δ 13 C in both males and females ( Figure 5 ). Males had significantly higher δ 13 C than females in the drought treatment, whereas there was no significant difference in δ 13 C between males and females in the well-watered treatment. The effect of genotype and the interaction of sex and watering treatment were not significant (Figure 5) .
Discussion
Drought causes significant decreases in LA, TNL and RWC in Sorghum bicolor L. (Bhargava and Paranjpe 2004) , Lycium nodosum Miers (Tezara et al. 2003) , Hippophae rhamnoides L. (Li et al. 2004b) , Populus davidiana Dode (Zhang et al. 2004) , P. kangdingensis C. Wang et Tung and P. cathayana (Yin et al. 2004 ). Based on the effects of drought on TNL, LA and leaf longevity and turgor, it has been concluded that drought has a large and rapid negative effect on the rate of leaf expansion and final leaf size (e.g., Grier and Running 1977 , Mazzoleni and Dickmann 1988 , Chartzoulakis et al. 2002 , Singh et al. 2006 ). We extended this conclusion to P. cathayana by showing that drought significantly decreased LA, TNL, SLA and RWC in both males and females (Table 1) . Furthermore, males maintained higher LA, TNL and lower SLA than females during drought, whereas we detected no significant sexual differences in these traits under well-watered conditions. Thus, our results corroborated previous observations that drought affects leaf growth more in females than in males (Lovett Doust and Lovett Doust 1987, Li et al. 2004b) .
We found that TC concentration increased significantly in response to drought in males, but there was no significant change in females. Drought effects on chlorophyll concentration have been documented previously (Schurr et al. 2000 , Pagter et al. 2005 , Lei et al. 2006 , Manivannan et al. 2007 , and it has been reported that the size, age and cellular parameters of leaves are related to increases in protein and chlorophyll content per cell during drought (Schurr et al. 2000 , Jung 2004 ). Because males had significantly higher TC concentrations than females in the drought treatment (Table 1) , we inferred that drought enhanced photosynthetic activity in males 1754 XU, PENG, WU, KORPELAINEN AND LI TREE PHYSIOLOGY VOLUME 28, 2008 by increasing chlorophyll biosynthesis. Sexual differences were detected in other pigment traits: males had significantly higher concentrations of carotenoids in both watering regimes but lower Chl a/b and Caro/TC ratios in the drought treatment than females. Carotenoids comprise a large class of isoprenoid molecules that function in preventing the chlorophyll-photosensitized formation of 1 O 2 by intercepting chlorophyll triplet states (Demmig-Adams and Adams 1996). Thus, our results imply that the increases in foliar concentrations of chlorophylls and carotenoids in males in response to drought both alleviate drought-induced damage in leaves and enhance photosynthetic capacity.
We found that the drought treatment significantly decreased gas exchange in both males and females but the decreases were greater in females, such that males had higher P n , E, g s and C i than females under drought conditions, whereas there were no significant differences between the sexes under well-watered conditions (Table 2) . These results are in agreement with previous observations that males of Pistacia lentiscus Rehd. and Hippophae rhamnoides have higher gas exchange rates than females during drought (Correia and Diaz Barradas 2000 , Dawson et al. 2004 , Li et al. 2004b ). Furthermore, we found that the slope of the light response curve is higher in males and they have higher P max , Φ, CE and L SP values but lower during drought compared with females ( Figure 1 and Table 3 ). Simi-TREE PHYSIOLOGY ONLINE at http://heronpublishing.com
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Figure 1. Light response curves of (a) well-watered (100% field capacity) and (b) drought-treated (30% field capacity) female and male Populus cathayana. Symbols represent a single measurement at an ambient CO 2 concentration of 350 ± 5 µmol mol -1 . Regression lines are fitted to the data (n = 4). P n = net photosynthetic rate, and PPF = photosynthetic photon flux. Figure 2 . Relationship between net photosynthetic rate (P n ) and intercellular CO 2 concentration (C i ) in (a) well-watered (100% field capacity) and (b) drought-treated (30% field capacity) female and male Populus cathayana. Symbols represent a single measurement at a photosynthetic photon flux of 1400 µmol m -2 s -1 . Regression lines are fitted to the data (n = 4). Table 3 . Mean light-saturated photosynthetic rate (P max ), light saturation point (L SP ), CO 2 compensation point (Γ), apparent quantum yield (Φ) and carboxylation efficiency (CE) in female and male Populus cathayana as affected by watering (100% or 30% of field capacity). Values are means ± SE (n = 4). Within a column, values followed by different letters are significantly different at P < 0.05 according to Duncan's multiple range test. showing that drought significantly decreases P max , L SP , Φ and CE, but increases Γ, have been reported by others (Colom and Vazzana 2003 , Tezara et al. 2003 , Pagter et al. 2005 . It has been suggested that inhibition of Rubisco activity, RuBP regeneration, ATP supply and electron transport rate in the photosystems leads to a decrease in g s and an increase in Γ (Lawlor 2002, Lawlor and Cornic 2002) . Our results provide further evidence that drought reduces light-use efficiency to a greater extent in females than in males. Chlorophyll fluorescence, as an indicator of the photochemical efficiency of PSII, can provide insights into both the ability of plants to tolerate environmental stresses and the extent to which their photosynthetic apparatus has been damaged (Fracheboud et al. 1999, Maxwell and Johnson 2000) . We detected decreases in F v /F m and increases in qN in response to the drought treatment, indicating the occurrence of photodamage to PSII reaction centers and a non-radiative energy dissipation mechanism (Schreiber et al. 1994, Maxwell and Johnson 2000) . Similar results have been reported in other studies (Jung 2004 , Souza et al. 2004 . We also observed that drought significantly decreased Yield in females and raised F v /F m and qP more in males than in females (Figure 3) . The noticeable decrease in the maximum quantum yield of PSII possibly reflects a disorder in PSII (Osmond 1994) , and the high F v /F m and qP in males are likely attributable to the occurrence of less photodamage to PSII reaction centers or to the development of slowly relaxing excitation energy quenching under stress (Nogués and Baker 2000, Herbinger et al. 2002) . Thus, males appear to be less susceptible to drought stress and they maintain a higher F v /F m and qP than females, as previously reported by Correia and Diaz Barradas (2000) .
100% Field capacity
Recent studies confirm that hydrogen peroxide is a signaling molecule that mediates responses to abiotic and biotic stresses in plants (Levine et al. 1994, Vanlerberghe and 1756 XU, PENG, WU, KORPELAINEN AND LI TREE PHYSIOLOGY VOLUME 28, 2008 and male (filled bars) Populus cathayana (means ± SE, n = 5). Different letters above bars indicate statistically significant differences between treatments at P < 0.05 according to Duncan's multiple range test. Significance values of the factorial analysis (ANOVA) for: S, sex effect; W, watering effect; G, genotypes effect; and S×W, sex × watering interaction effects, are given. McIntosh 1996 , Yannarelli et al. 2006 . A high POD activity indicates a high potential to decompose H 2 O 2 enabling plants to protect themselves against oxidative stress (Asada 1992 , Noctor and Foyer 1998 , Foyer and Noctor 1999 , Neill et al. 2002 . Our finding that POD activity increased about 63% in females but only 31% in males in response to drought (Figure 4) suggests that drought alters the equilibrium between free radical production and enzymatic defense reactions resulting in greater oxidative stress in females than in males. Furthermore, the finding that males maintained a higher POD activity in all treatments than females indicates that males may have more efficient antioxidant systems than females.
As a long-term integrator of ecophysiological processes, δ 13 C has been widely used in physiological research (e.g., Farquhar et al. 1989 , Retuerto et al. 2000 , Ward et al. 2002 . It has been reported that, in some Populus spp., drought significantly increases δ 13 C (Zhang et al. 2004 , Yin et al. 2005 , Monclus et al. 2006 , possibly as a result of a decrease in stomatal conductance (Farquhar et al. 1989) . Furthermore, several studies have shown that males have higher δ 13 C than females under suboptimal conditions (Retuerto et al. 2000 , Li et al. 2004b , Li et al. 2007 ). In our study, drought significantly increased δ 13 C in both males and females, with males having a higher δ 13 C than females, suggesting that males can sustain higher stomatal conductance in response to drought than females. However, in contrast to our results, Ward et al. (2002) observed that the greatest differences in leaf δ 13 C between males and females of A. negundo occurred in wet habitats, with males showing a higher δ 13 C than females. This discrepancy between studies may be due to (1) a difference between the effects of a natural and an artificially imposed drought, (2) species-specific variation in sensitivity to changes in water availability, or (3) potential differences in water-use mechanisms between A. negundo and P. cathayana that have developed to meet their respective sex-related resource demands.
We found differences in photosynthetic traits between the sexes under well-watered conditions, with males exhibiting higher TC, Caro, L SP , Γ and POD activity but lower Φ and CE than females. Although few previous studies have investigated sexual differences in photosynthetic pigments, light or CO 2 response curves, some have reported sexual specialization in certain photosynthetic attributes under well-watered conditions , Jones et al. 1999 , Dawson et al. 2004 ) and concluded that this specialization is the result of resource demands associated with reproduction (Darwin 1877 , Lloyd and Webb 1977 , Allen and Antos 1988 . Our statistical tests showed that genotype had no significant effect on any of the measured indices. Thus, we were able to confirm that the differences we observed between sexes in TC, Caro, L SP , Γ, Φ, CE and POD activity under well-watered conditions, and the sexual differences detected in response to the drought treatment, result from differences in resource demands associated with sex.
In conclusion, our results confirmed our hypothesis that drought stress limits photosynthetic capacity more in females than in males. During a drought, females had lower TC, L SP , Φ, CE, F v /F m , Caro concentration, δ 13 C and POD activity than males, resulting in a lower capacity to collect light energy, transport electrons and eliminate damage caused by 1 O 2 and H 2 O 2 : effects leading to a lower photosynthetic rate. In addition, drought negatively affected leaf growth of females.
